The effect of lime pretreatment of brown midrib sorghums on enzymatic saccharification was investigated. Under most of the pretreatment conditions, the saccharification yields of bmrs were higher than those of the normal counterparts. This result suggests that bmr is useful to reduce pretreatment costs, because the amount of lime necessary for the pretreatment of biomass can reduced by using bmr mutants.
Plant cell walls (lignocellulosic biomass) are the most abundant source of biomass in the world. To address the global warming and safeguard global energy issues, it is desirable to produce bioethanol from lignocellulose biomass to avoid competition between food and fuel production.
Lignocelluloses, which has complex structure based on celluloses, hemicelluloses and lignins are difficult to saccharify by enzymes without any pretreatment, because they have been developed as a stuructual component of plants. Many studies of thermochemical pretreatment of biomass have been done in order to make enzymatic saccharification easier, 1) but the capital cost of pretreatment and production and/or purchase of cellulase enzymes remain the dominant cost hurdles to overcome.
2) Hence, the technological development is required to reduce the cost of bioethanol production.
Sorghum is a C4 crop of the grass family belonging to the genus Sorghum bicolor L. It is well adapted to temperate climates and can be cultured from Kyushu to Tohoku area in Japan. The plant grows to a height of about 120 to above 400 cm, depending on variety and growing conditions, and is an annual or a short perennial crop. It is considered to be one of the most drought resistant agricultural crops, as it is able to remain dormant during the driest periods.
3) In recent years, sorghums have gained increasing importance as a bioenergy source. There are many species that have advantages as the raw material for bioethanol, because it is used as an animal feed. One example is the brown midrib (bmr) forage genotypes, 4, 5) which are a useful marker for the breeding of highly digestible lines. Although sorghums having the bmr mutation show higher digestibility and are easily saccharified by cellulase, normally pretreatment is necessary for efficient enzymatic saccharification of lignocellulosic biomass in bioethanol production. Because hardly any study has been done to evaluate the application of bmr sorghums to bioethanol production, in this study, we investigated the pretreatment of sorghum with and without bmr mutants. Sorghum strains such as bmr6, bmr18 and their normal counterparts (n6 and n18, respectively) were harvested at the National Agricultural Research Center for Kyushu Okinawa Region of Japan. It is known that the bmr strain has the mutation in the enzymes involved in lignin biosynthesis. bmr6 was characterized as a mutant that has a mutation principally affecting cinnamyl alcohol dehydrogenase (CAD) activity. 6) In contrast, bmr18 has a mutation in the O-methyl transferase (COMT) gene. 7) Since the amounts of lignin and lignin structures in bmr mutants are poorly understood, first we analyzed the lignin content of sorghums ( Fig. 1) . Although the acid detergent lignin (ADL) method is commonly used to determine the lignin content of grass and forage crops by correlation with digestibility as animal feed, the ADL method does not reflect the exact content of lignin due to large losses of lignin due to detergents, and usually ADL values are lower than Klason lignin values. Hence, in this study, Klason lignin and acid soluble lignin (ASL) were measured to evaluate the total amount of lignin in the sorghums. The content of Klason lignin was measured according to the Tappi standard, T222 om-88, after the carbohydrate components were removed by hydrolysis with 72% v/v sulfuric acid. The filtrates obtained in determining Klason lignin were used to determine ASL. The amount of ASL was determined at 205 nm with an extinction coefficient of 110 L/g cm. The content of acetyl bromide lignin (ABL) was determined as follows: 2.5 mg of sample was added to 2.5 mL of acetyl bromide/acetic acid solution (25:75, v/v). After stirring for 30 min at 70 C, the solution was poured into a 2 M NaOH/glacial acetic acid solution (1:2, v/v). In addition, glacial acetic acid was added to y To whom correspondence should be addressed. Fax: +81-29-838-7996; E-mail: sakaneko@affrc.go.jp Abbreviations: bmr, brown midrib; ADL, acid detergent lignin; ASL, acid soluble lignin; ABL, acetyl bromide lignin the solution up to 50 mL. The amount of ABL in the solution was measured at 280 nm with an extinction coefficient of 20.09 L/g cm. Although it is usually described that bmr strains contain lower amounts of lignin than the wild type judging by the ADL value, 8) as shown in Fig. 1 , no significant differences in ABL, ASL, and Klason lignins between bmr and their counterparts were observed, suggesting that there is no difference in lignin content by the bmr mutation. These results suggest that the quality, not the quantity, of lignin has been changed in the bmr strains, but detailed analysis of lignin and cell wall structure is required to understand the differences exactly.
Next, we performed lime pretreatment of the sorghums. In contrast to acid pretreatment, hemicelluloses are retained in the biomass under alkaline pretreatment. Hence, it is possible to recover larger amounts of sugars than acid pretreatment, and it is suitable for recovering large amounts of ethanol. Lime (calcium hydroxide) treatment is an alkaline pretreatment that has advantages in its low cost, harmless character, ease of recovery, and ease of use.
9) Accordingly, we performed lime pretreatment of bmr sorghums to determine whether bmr mutations have merit for pretreatment. As described in our previous paper, sorghum stems were disk-milled twice using a masscolloider (Super Masscolloider; Masuko Industries, Saitama). 10) Concentrated lime (ranging from 0 to 12% w/w) was added to the ground sorghums, and then incubated at 121 C for 60 min. The mixture was neutralized by exposure to carbon dioxide, washed with water, and then used in enzymatic saccharification. The compositions of the sorghums after lime pretreatment are shown in Table 1 . The amounts of hexose and pentose released from the sorghums after hydrolysis by 72% v/v sulfuric acid were determined by the anthrone-sulfuric acid method 11) and the orcin-Fe 3þ -hydrochloric acid method 12) respectively. Enzymatic saccharification of the pretreated sorghums was investigated using Celluclast 1.5L (Sigma, St. Louis, MO), Novozyme 188 (Sigma, St. Louis, MO) and multifect xylanase (Genencor Kyowa, Tokyo, Japan), as described previously. 10) As shown in Table 1 , no significant difference in sugar composition due to lime pretreatment was observed between the bmrs and their counterparts. Small reductions in pentose content were observed in cases of n6 and bmr6 under pretreatment with 12% w/w lime, and the same level of reduction was observed in case of pretreatment of n18 and bmr18 by 8 and 12% w/w lime. The recovery rates of fibers from all sorghum strains (bmr6, bmr18, n6, and n18) corresponded with reductions in pentose content. Fiber recovery after pretreatment less than 4% w/w lime was almost 100%, but that after treatment by 12% w/w lime was almost 95% (data not shown). These results suggest that the effect of lime pretreatment was unrelated to the difference in the character of the sorghums, as to they have the bmr mutation.
The relation between saccharification yield and lime concentration is summarized in Table 2 . The saccharification yields gradually increased as the concentration of lime increased. More than 90% saccharification yields were observed in all the sorghum strains after treatment with 12% w/w lime. Under low concentrations of lime, relatively large differences in saccharification yields were observed between bmrs and the counterparts. The result is comparable to that of a previous study, that bmr sorghum is more susceptible to low-temperature alkali pretreatment than non-bmr sorghum. 13) Interestingly, both the hexose and the pentose yield of bmr6 were higher than that of n6. In contrast, a higher yield of pentose alone was observed in bmr18, and no significant difference in the hexose yield was observed between bmr18 and n18. These results indicate that the lignin network was different between bmr6 and bmr18, but detailed analysis of the lignin and cell wall structures of bmrs and counterparts is required for the critical discussion.
In conclusion, while no difference in lignin content between wild-type sorghum and bmr mutant was observed, it was found that the enzymatic saccharification yield of the bmr mutants after lime treatment was higher than that of the wild-type sorghums. Because it is possible to treat biomass under milder conditions than the wild type, bmr mutations should be effective for the reduction of pretreatment costs. Furthermore, the amount of lime necessary to recover enough sugars from sorghums was almost half than that of rice straw, 14) suggesting that sorghum can be a useful raw material for bioethanol.
